Physical and mechanical properties of seven ancient clay brick samples of Kathmandu valley consisting of quartz, feldspars, spinel, margarite, muscovite type of mica mineral and hematite were studied using ASTM standards. All the brick samples used in this study have the water absorption, apparent porosity and bulk density in the range of 10-28 percent, 17-33 percent and 1.2-1.8 g/cm 3 , respectively, while the compressive strength of all the brick samples is found to be in the range of 5-23 MPa. The bulk density of the tile samples is found to be increased with decreasing the water absorption and apparent porosity. The compressive strength of all the clay brick samples can be correlated with their physical properties. Consequently, durability of the ancient bricks is directly influenced by their physical properties of water absorption, apparent porosity and bulk density.
INTRODUCTION AND OBJECTIVE
The clay brick is homogeneous, harder and stronger due to the ceramic bond from the sintering phase of the silica and alumina clay constituents and it was one of the fundamental structural building materials in the Mesopotamian, Egyptian and Roman periods (Fernandes et al. 2010) .
It is generally considered that the properties of such archaeological building materials of clay brick are essentially depended on the quality of the raw materials used for making it together with the manufacturing process technology. The ancient brick manufacturing techniques was depended on the supervisors and it was considered as the hereditary gifted knowledge passed on to generations from their forefathers (Hasan 1999) . This is the main reason that the knowledge about the ancient clay brick materials and their application techniques which were so successfully used in the past has now disappeared without any documentation in our part of the world, because the properties of such types of clay bricks depend on their mineralogical compositions, manufacturing process and firing temperature (Bordia & Camacho-Montes 2012) .
The fired clay bricks are extremely durable and hence, there have been numerous archaeological structural buildings standing for centuries as a testimony of the survival of the clay-based fired bricks. The main factor to manufacture these bricks is the clay raw material types used and the firing temperature during their production, because both of these affect the quality and durability of bricks (Mostaghelchi et al. 2013; Rasmussen et al. 2012; Dunham et al. 2001; Dondi et al. 1999) . A large number of studies have been reported about the ancient brick structures and materials to foster their cultural and economic importance in different parts of the world (Šarić et al. 2018; Amadori et al. 2017; Shu et al. 2017; Bartz & Chorowska 2016; Oguz et al. 2014; Fernandes & Lourenço 2007; Cardiano et al. 2004; Elert et al. 2003; López-Arce et al. 2003; Paama et al. 2000) .
It is said that the durability (i. e., mechanical strength) of the clay bricks depends mainly on their mineralogical composition and physicosintering properties (Bordia & Camacho-Montes 2012) . The mineralogical and physical properties and mechanical strength of the fired clay bricks are generally interrelated to each others. It is reported that the firing temperature is one of the key factor to modulate the physical, sintering and mechanical properties of different types of brick samples (Ajala et al. 2017a (Ajala et al. , 2017b Velraj et al. 2009; Karaman et al. 2006 ), but not the firing rate on kaolinite based ceramics (Njoya et al. 2017) . Different physico-sintering properties (i. e., water absorption capacity, apparent porosity, apparent density, bulk density and so on) of clay bricks and their mechanical properties were investigated at different firing temperatures and the brick sample fired at 1100 °C showed the best mechanical properties (Martin-Marquez et al. 2010; Ghorbel et al. 2008; Yongue-Fouateu et al. 2016; Johari et al. 2010 ).
In general, water absorption capacity, apparent porosity, bulk density are considered to be most important physico-sintering properties of all types bricks while the compressive strength is one of the important mechanical properties. All these physico-sintering and mechanical properties are reported to be inter-related to each other's and they affect the durability of all types of bricks even the archaeological clay brick samples.
The preservation of such archaeologically important ancient clay bricks has given rise to a considerable interest recently by archaeologists, architects, engineers and scientists, because the archaeological buildings needs to be restored with substitution of bricks when they damage. A good characterization of such archaeological clay brick specimens gives us a possibility to predict advance the chemico-mineralogical phases, physicosintering and mechanical behavior of the new formed building system. To learn about the historical understanding is not just to analyze and preserve such archaeological objects but also to investigate and understand the knowledge and skills used to produce and use them (Vandiver 2001 ).
The durability assessment of different types of clay bricks is mainly based on their technical physico-sintering and mechanical properties. However, such technical properties of the archaeological clay brick samples of Kathmandu valley are not reported in scientific communities, although mineralogy of the archaeological bricks ), fired clay bricks at different temperatures ) and ceramic tiles (Buthathoki et al. 2018a (Buthathoki et al. , 2018b were recently reported by some of the present researchers in Nepal. It was reported that the mineralogical phases existed in the archaeological clay brick samples collected from Kathmandu valley were identified as quartz, feldspars, spinel, muscovite type of mica mineral and hematite, and such clay bricks were considered to be fired at 900-1000 °C for their production . Considering these facts, the present research work was focused to carry impact assessments on three different physico-sintering properties of water absorption capacity, apparent porosity, bulk density and one mechanical property of the compressive strength of nine archaeologically important ancient clay brick samples using ASTM Standards (ASTM C20-00 2015; ASTM C1424-15 2015) to know relation between the physico-sintering and mechanical properties of the ancient clay bricks.
METHODOLOgY
The archaeologically important seven ancient brick samples were collected from the relics of Kathmandu Tower-Dharahara, Basantapur Durbar square, Balgopaleshwor Temple-Ranipokhari, Clock Tower building-Ghantaghar, Tripureshwor (Department of Consular Services), and Baghbhairav Temple and Pangaa of Kirtipur in this research work those were distracted by the great earthquake-April 2015, with the permission of concerned authorities. The detail descriptions of these eight clay brick sample specimens are summarized in Table 1 and the photographs of all these clay brick samples are shown in Fig. 1 (Ghale 2018) . It is meaningful to mention here that the mineralogical phase of these seven ancient clay brick samples was reported to be consisted mainly of quartz, feldspars, spinel, margarite, hematite and muscovite type of mica minerals from previous works . In this study, the physical properties of water absorption capacity, apparent porosity and bulk density of the analyzed clay brick samples were estimated using following equations (1), (2) and (3) (ASTM C20-00 2015), respectively, were D is the weight of brick sample in dry condition (g), S is the weight of brick sample in saturated condition (g) and V is volume of outer sides (cm 3 ) of the brick sample specimens. The details about the estimation of these three physicosintering properties were described elsewhere (Ghale 2018) .
The mechanical property of the compressive strength of the seven ancient clay brick samples was estimated in accordance with ASTM standards (ASTM C1424-15 2015) using the RAM DIA 222-2 mm with maximum load of 2000 KN compression testing machine available at the Central Material Testing Laboratory, Department of Civil Engineering of Pulchowk Engineering Campus, Tribhuvan University, Lalitpur using equation (4) as given below. The details about the estimation of the compressive strength of the seven ancient brick samples were described elsewhere . 
RESULTS AND DISCUSSION
The physico-sintering and mechanical properties of the clay brick samples depend on the optimum conditions maintained at the time of their manufacturing. Basic physico-sintering (i.e., water absorption capacity, bulk density and apparent porosity) and mechanical (i.e., flexural or compressive strength) properties act as the quality control and durability of the clay bricks, which ultimately depend on the phase and chemical compositions of their raw materials. Figure 2 shows the changes in the water absorption capacity of the archaeologically important seven ancient clay brick samples from historical places of Kathmandu valley. It is clearly shown from the figure that all the analyzed clay brick samples show the water absorption capacity in the range of 9.7-27.7 percent (Fig. 2) . Only one brick sample of Clock Tower (i.e., DB-3) show the water absorption capacity less than 10 percent, while two brick samples of DB-2 and DB-5 show more than 25 percent of water absorption capacity as depicted in Fig. 2 . The water absorption capacity is one of the important criteria for representing the quality and strength of the clay bricks. A lower value of the water absorption capacity is always desired for good quality of clay bricks. The differences in the mineralogical phases of the raw materials of the ceramic body controls the water absorption capacity and the low water absorption value of the brick sample should be due to the presence of high amounts of clay minerals content in their composition with high densification, low porosity and high bulk density. Therefore, the apparent porosity (Fig. 3) of the brick samples used in this study is found to be decreased with decreasing the water absorption capacity (Fig. 2) . It is clearly shown from the Fig. 3 that all the analyzed ancient clay brick samples show the apparent porosity in the range of 16.9-33.2 percent. Among these seven archaeologically important brick samples, DB-3 (i.e., Clock Tower) show the apparent porosity less than other six brick samples, while four brick samples of DB-2, DB-5, DB-6 and DB-7 show its values between 31.4 and 33.2 percent as shown in Fig. 3 .
Similarly, the estimated result of the bulk density of all seven archaeological clay brick samples of Kathmandu valley is shown in Fig. 4 . It is clear from the figure that brick samples of DB-1, DB-3 and DB-4 show the bulk density in the range of 1.53-1.75 g/cm 3 , while remaining four brick samples show it between 1.2 and 1.5 g/cm 3 as shown in Fig. 4 . It is generally considered that the clay brick samples having low water absorption capacity and apparent porosity have high bulk density and expected high mechanical strength also.
Furthermore, there is a good correlation between the water absorption capacity, apparent porosity and bulk density of all analyzed clay bricks. Both the water absorption and apparent porosity of the brick samples are found to be decreased with increasing the bulk density as depicted in Fig. 5 . These results are mostly supported by the facts that the low density value observed for the brick samples is directly related to their high apparent porosity and high water absorption capacity with low particle packing in the brick bodies. In general, it is believed that the fired bricks have expected high bulk density and mechanical strength of compressive strength with low water absorption capacity and apparent porosity. 16 2016) and so on. However, it is generally practice to estimate the compressive strength of brittle ceramic bodies like brick samples and hence this study was focused to measure the compressive strength of the archaeologically important seven brick samples collected from different historical sites of Kathmandu valley to correlate it with other physical properties as describe above. Figure 6 shows the result of the estimated compressive strength of the collected seven ancient brick samples from historically important places of Kathmandu valley. On the other hand, both the water absorption capacity and the apparent porosity of these bricks are deleterious to the mechanical properties of ceramic bodies like brick samples due to the following two reasons: firstly, the pores reduce the cross-sectional area across in which a load is applied and secondly, they also act as stress concentrators; for example, an applied tensile stress is amplified by a factor of 2 for an isolated spherical pore (Coble and Kingery 1956) . It is generally considered that high mechanical strength of the ceramic bodies like clay bricks is also related with their physical properties like low water absorption capacity, low apparent porosity and high bulk density.
The influence of porosity on the mechanical properties of ceramic bodies is rather dramatic; for example, it is not uncommon that 10 percent volume porosity will decrease the flexural strength by 50 percent from the measured value for the nonporous materials. It was reported that the flexural strength decreased exponentially with volume fraction porosity experimentally (Callister 2010 ) and now we considered that such relations could be explained for compressive strength of the brick samples like flexural strength. There is a good correlation between the compressive strength with all these three types of physical properties (i.e., water absorption, apparent porosity and bulk density) of all the analyzed archaeologically important seven clay brick samples used in this study as shown in Figs 7-9. The compressive strength of the brick samples is found to be increased exponentially with decreasing the water absorbtivity and apparent porosity exponentially as shown in Fig. 7 , although the compressive strength of the brick samples is increased with increasing their bulk density as shown in Fig. 8 . The compressive strength of the brick samples is directly related with the bulk density. Consequently, it can be said that efforts need to focus on decreasing both the water absorbtivity as well as the apparent porosity and on increasing the bulk density in order to improve the mechanical properties of the clay brick samples, because these physical properties of water absorbtivity, apparent porosity and bulk density are largely responsible for the betterment of all ceramic bodies like clay bricks. Moreover, a good correlation between compressive strength, water absorption, apparent porosity and bulk density of the brick samples is shown in Fig. 9 and the estimated values of these properties are tabulated in Table 2 . 
CONCLUSION
The present research work was focused to study the physical and mechanical properties of seven archaeological clay bricks of Kathmandu valley for their quality assessments using ASTM standards and the following conclusions are drawn from above results and discussion.
It is found A good correlation between the physical properties of water absorption, apparent porosity and bulk density with the mechanical property of compressive strength was found for brick samples of seven historically important places of Kathmandu valley.
All the ancient clay brick samples used in this study have low water absorption as well as apparent porosity and high bulk density which are responsible for their high compressive strength and vice versa.
The water absorption, apparent porosity and bulk density are largely responsible for the betterment of the mechanical property of compressive strength of the brick samples used in this study and hence efforts need to focus on decreasing both the water absorption capacity and apparent porosity with increasing the bulk density in order to improve the mechanical properties of the bricks.
